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Abstract: In acutely ill patients, particularly in intensive care units or in mixed infections, time to a
microbe-specific diagnosis is critical to a successful outcome of therapy. We report the application
of evolving technologies involving mass spectrometry to diagnose and monitor a patient’s course.
As proof of this concept, we studied five patients and used two rat models of mono-infection and
coinfection. We report the noninvasive combined monitoring of Aspergillus fumigatus and Pseudo-
monas aeruginosa infection. The invasive coinfection was detected by monitoring the fungal tri-
acetylfusarinine C and ferricrocin siderophore levels and the bacterial metabolites pyoverdin E,
pyochelin, and 2-heptyl-4-quinolone, studied in the urine, endotracheal aspirate, or breath conden-
sate. The coinfection was monitored by mass spectrometry followed by isotopic data filtering. In
the rat infection model, detection indicated 100-fold more siderophores in urine compared to sera, indi-
cating the diagnostic potential of urine sampling. The tools utilized in our studies can now be examined
in large clinical series, where we could expect the accuracy and speed of diagnosis to be competitive with
conventional methods and provide advantages in unraveling the complexities of mixed infections.

Keywords: Aspergillus fumigatus; Pseudomonas aeruginosa; invasive infection; noninvasive diagnosis;
coinfection; virulence factor; siderophores; quorum-sensing molecules
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1. Introduction

Aspergillus fumigatus is an opportunistic fungal pathogen, the most lethal fungal path-
ogen [1,2], and, as recently noted, the most common cause of pulmonary mycosis associ-
ated with coronavirus disease (COVID-19) [3]. Delineating aspergillosis infection from
colonization is difficult, and better tools are needed [4]. Among bacterial pathogens, Pseu-
domonas aeruginosa is a leading cause of acute nosocomial infections and pneumonia in
particular (45%), with a high mortality rate, ranging from 13% to 50% [5]. P. aeruginosa is
replete with a diverse arsenal capable of activating, modifying, and destroying host de-
fense mechanisms [6]. These weapons can be present concurrently with multidrug re-
sistance, magnifying the risks posed by P. aeruginosa [7]. Fungi, particularly Aspergillus,
and Pseudomonas can co-exist, interact, and likely compete in critically ill patients with
invasive disease. Recently, the problem has been magnified by the susceptibility of criti-
cally ill COVID-19 patients in intensive care units (ICUs) to opportunistic fungal and bac-
terial infections. Early diagnosis is crucial. In the present study, we show mass spectrom-
etry tools can, noninvasively and with sensitivity, diagnose these infections, even when
these microbes are concurrently present, and monitor their course. This is demonstrated
with five intensive care patients and the use of rat infection models.

The acquisition of iron is mandatory for the growth of these pathogens [8]. Our strat-
egy is centered on detecting the metallophores secreted by these pathogens, and finding
them in the invasive stage of disease, particularly as iron conjugates. Thus, they can serve
as infection biomarkers. Characteristic isotopic profiles of the metals in mass spectra can
be used for specific detection of metallophores in patients’ bodily fluids. Our approach
involves the combined use of liquid chromatography (LC)-electrospray (ESI) and matrix-
assisted laser desorption ionization (MALDI) mass spectrometry (MS) with isotopic data
filtering. State-of-the-art data were collected using Fourier transform ion cyclotron reso-
nance (FTICR), currently the only analytical technique capable of unequivocally detecting
and characterizing pathogen-related metal-containing compounds in host body fluids.
The physicochemical background of isotope filtration of mass spectrometry data has been
described in a recent publication [9]. In addition to metallophores [10,11], pathogens’ au-
toinducers during quorum sensing (QS) can also be used as specific early markers of in-
vasive infections.

In human serum, the iron transport protein transferrin maintains free ferric iron con-
centrations at far too low (approximately 10* M) to support P. aeruginosa growth and
proliferation [12]. However, P. aeruginosa has mechanisms that enable it to compete for
iron with hosts and filamentous fungi in the microbiome under low and high iron condi-
tions [13]. These include secretion of siderophores—pyoverdines (Pvds) and pyochelin
(Pch)—which are major virulence factors of the pathogen [14]. In the competition for iron,
A. fumigatus likewise needs to capture and internally utilize iron, and does so by utilizing
its own siderophore machinery [8,15]. In addition, P. aeruginosa can switch from iron-de-
nial-based (Pvd) to toxin-based (pyocyanin) antifungal activity when combating A. fu-
migatus [16].

The complex P. aeruginosa metallophore machinery is accompanied by a highly tuned
QS system [17]. One of the earliest QS components is the alkylquinolone, 2-heptyl-4-quin-
olone (HHQ). HHQ activates the PqsR multiple transcriptional virulence factor regulator,
thereby driving the production of QS molecules, toxins, and biofilm formation that stim-
ulate host cells (represented by macrophages in Supplementary Materials Figure S1) and
promote tissue damage during P. aeruginosa infections [18].

In vitro studies have shown that secreted siderophores and small QS molecules play
essential roles in pathogenesis, so they are appropriate targets for next-generation diag-
nostic, therapeutic tools in various applications, including critical care medicine [6]. Here,
we illustrate the potency of these applications by demonstrating the noninvasive detection
of siderophores (Pvds, Pch) and the quorum-sensing molecule HHQ as early markers of
invasive P. aeruginosa infections in breath condensate and urine samples from five criti-
cally ill patients. Two cases were fatal. The first case was associated with A. fumigatus
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coinfection, demonstrated by the presence of its triacetylfusarinine C (TafC) siderophore.
In the second fatal case, severe lung fibrosis in COVID-19 pneumonia was combined with
P. aeruginosa, Candida glabrata, and Herpes simplex virus infections. All pathogens were
authenticated in clinical specimens by standard culture, microscopy, matrix-assisted laser
desorption with time of flight (MALDI-TOF) mass spectrometry, serum antigen, and nu-
cleic acid detection.

2. Materials and Methods
2.1. Culture, Serology, and MALDI-TOF

Fungal and bacterial strains were identified by MALDI-TOF mass spectrometry with
a Biotyper instrument (Bruker Daltonik, Bremen, Germany). Early fungal biomarkers
were measured during the patients’ hospitalizations. Galactomannan (GM) antigen was
detected with Aspergillus EIA (Bio-Rad Platelia™, Marnes-la-Coquette, France) following
the manufacturer’s instructions. The serum samples were considered positive if the GM
index value was >1 following the Probable Invasive Pulmonary Mold Diseases criteria by
the European Organization for Research and Treatment of Cancer and the Mycoses Study
Group Education and Research Consortium [19]. 1,3-3-D-glucan (BDG) was determined
with the Fungitell assay (Associates of Cape Cod, Falmouth, MA, USA); patient serum
results were considered positive if the BDG concentration was 280 pg/mL. A. fumigatus-
specific antibodies (IgA, IgG) were detected using A. fumigatus IgG/IgA ELISA kits (Im-
munolab GmbH, Kassel, Germany) according to the manufacturer’s instructions. The se-
rum samples were considered positive if the index values of both IgG and IgA classes
were 21.2. The test allowed separate determination of specific antibody reactivities for IgA
and IgG isotypes.

2.2. Liquid Chromatography and Mass Spectrometry Assay for Biomarker Monitoring

Desferrioxamine E (FoxE), ferricrocin (Fc), TafC, Pch, and a ferriform of PvdE/PvdD
were obtained from EMC Microcollections GmbH (Tiibingen, Germany), and HHQ from
Sigma-Aldrich (Prague, Czech Republic). Breath condensates were obtained as described
[20]. Urine, serum, breath condensate, endotracheal aspirates, and lung tissue samples
were subjected to two-step liquid-liquid extraction [21]. Briefly, 50 pL samples were
spiked with a FoxE internal standard (1 ug/mL, 7.5 pL), extracted twice with ethyl acetate,
and dried under reduced pressure. The remaining aqueous phase was mixed with four
volumes of methanol and frozen (-80 °C, 1 h). Precipitated proteins were removed by
centrifugation (14,000x g, 4 °C, 10 min), and the supernatant transferred to a vial with the
residue from the evaporated ethyl acetate fraction and concentrated under reduced pres-
sure. The pooled extract was resuspended in 15% liquid chromatography-mass spectrom-
etry-grade acetonitrile (ACN), and then subjected to high-performance liquid chromatog-
raphy (HPLC)-mass spectrometry.

The urine samples from the mixed infection experiments in rats (Rats 3-7) were ana-
lyzed by an Acquity M-class HPLC system connected to a Synapt G2-Si Q-TOF mass spec-
trometer (Waters Corporation, Manchester, UK). Each sample (1 pL) was injected in trip-
licate (rat urines) or single analysis (human patient aspirates) onto an Acquity HSS T3 C18
analytical column (1.8 pm, 1.0 x 150 mm, Waters Corporation, Manchester, UK). Gradient
elution was performed at a 50 uL/min flow rate: 0 min (3% B); 2 min (3% B); 8 min (50%
B); 8.1 min (99% B); 12 min (99% B); 12.1 min (3% B); 15 min (3% B). Solvent A contained
0.1% formic acid in the water, and solvent B contained 0.1% formic acid in acetonitrile.
The spectrometer was operated in positive-ion electrospray mode within the 200-1500 Da
mass range.

For sensitivity enhancement, the remaining samples (Rats 1, 2, and all patients) were
analyzed by a Dionex UltiMate 3000 HPLC system (Thermo Fisher Scientific, Waltham,
MA, USA), equipped with the same HPLC column but coupled to a SolariX 12T FTICR
(Bruker Daltonik, Bremen, Germany). Portions of 2 uL of the solution were injected into
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the system. Then, the analytes were eluted using a mobile phase with a 50 pL/min flow
rate, starting with isocratic 2% B for 2 min, with linear increases from 2 to 60% and 60—
99% from 2 to 9 min and 9 to 11 min, respectively, followed by a 99% B isocratic wash
from 11 to 14 min, a return to 2 % B between 14 and 14.5 min, and then re-equilibration
with 2% B for 5.5 min. Here, B is 95% ACN with 0.1% formic acid in the water, and the A
solvent is 1% ACN with 0.1% formic acid in water. The spectrometer was operated in
positive-ion mode with quadrupole settings of 200-600 and 500-1000 Da, in both cases
with the appropriate ion transfer optics tuning. Rat samples were analyzed in triplicates
and patient samples were analyzed once or in duplicates. Data were processed qualita-
tively and quantitatively by our inhouse CycloBranch [9] and Data Analysis 5.0 software
(Bruker Daltonik, Bremen, Germany), respectively.

2.3. Biomarker Standardization and Quantitation in Liquids and Tissues

Urine calibration standards were prepared from 50 pL portions of pooled control
uninfected human urine (10 donors) spiked with commercial PvdE, Pch, HHQ, TafC (var-
iable concentration, 15 pL), and FoxE (1 pg/mL, 7.5 uL) as an internal standard. An EMC
Microcollections PvdE PAO1 standard isolated from P. aeruginosa ATCC 15692 contained
a mixture of PvdE and PvdD. Quantification statistics, including the limit of detection
(LOD) and limit of quantitation (LOQ), were obtained for the sum of these two Pvds, then
calculated for all three Pvds (D, E, C) recorded in human and rat samples. The rat serum
Pvd calibration curve (serum standard obtained from Sigma-Aldrich, Prague, Czech Re-
public) was constructed with the same protocol. The LOD and LOQ values were calcu-
lated from the standard deviation of the intercept multiplied by 3.3 and 10, respectively.
All samples were analyzed in triplicate, and results are expressed as the means + standard
deviation (SD). The instrumental performance was checked by a system suitability test
using the HPLC peptide standard mixture (Sigma-Aldrich, Prague, Czech Republic). The
LOD values were 1.10, 2.10, 0.06, and 0.27 ng/mL for urine concentrations of Pvds, Pch,
HHQ, and TafC, respectively. Serum total Pvd (D, E) LOD was 0.4 ng/mL. All calibration
curves can be found in Supplementary Materials Figures S2 and S3.

The rat extracts of lung homogenates were prepared by standard addition of Pvd to
each extract. The lung tissue was cut in a cryostat, placed in a 1 mL vial, and dry-weighed.
Then, a H2O:methanol (1:1) mixture (200 puL) and FoxE (1000 ng/mL, 7.5 uL) were added,
shaken for 1 h at 1000 rpm, at 6 °C, and centrifuged at 14,000x g at 4 °C for 10 min. The
supernatant was stored, but the tissue precipitate was subjected to an additional ethyl
acetate extraction (2 x 200 uL) by mixing with vortex agitation for a minute. The extract
was combined with the aqueous methanol extract, evaporated to dryness, and redissolved
in 400 uL of 5% ACN before HPLC analysis. PvdE was quantified using the standard ad-
dition method with two additions (50 and 100 ng/mL Pvd). The mixed-infection model
(see Section 2.4) calibrations, LODs, and LOQs are depicted in Supplementary Materials
Figure S4.

To assist the assessment of the infected rat samples, for standardization, background
Pvd and Pch signals in rats from P. aeruginosa inoculum (100 uL) were determined in two
biological replicates. The extraction and processing of 108 CFU/mL, the inoculation equiv-
alent loaded into rat lungs, provided a Pvd signal between the instrument LOD and LOQ,
representing less than 0.1% of the final rat infection values. A high maximum Pch back-
ground contribution (75 ng/mL) was calculated from normal rat urine (3.3 mL/100 g body
weight per day). Pvd, Pch, and HHQ have not been previously reported to be synthesized
by mammalian hosts. For Pvd and HHQ stability and HHQ fragmentation behavior, see
the Supplementary Materials Figures S5 and 56, respectively.

2.4. Animal Experiments

Animal studies of siderophore distribution were performed using 10-week-old fe-
male Lewis rats (Envigo, Horst, The Netherlands). Two immunocompetent rats were in-
fected intratracheally with P. geruginosa ATCC 15692 (108 CFU in 100 uL) under 2%
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isoflurane anesthesia (Forane, Abbott Laboratories, Abbott Park, IL, USA), as previously
described (Rats 1 and 2, Table 1). Five hours post-infection, the animals were sacrificed,
and serum and urine samples were collected and frozen (=80 °C). The lungs from one rat
were excised, dried, and weighed. The sample was homogenized by milling with glass
beads (1 mm diameter) in methanol (1 h). The beads were decanted with methanol twice,
and the extracts were pooled and dried. Two other noninfected animals provided a con-
trol group.

Table 1. Distribution of Pvds, Pch, and HHQ in humans and rats reflects Pseudomonas infection. Urine and breath conden-
sate were collected from two patients on the indicated day. In the rat mono-infection model, two animals were inoculated
with P. aeruginosa cells, and samples of their urine, serum, and tissues were collected five hours post-inoculation. Back-
ground Pvd signal in the inoculum ** (mono-infection model, sample Blank) was negligible, in contrast to Pch. * Quantified
based on single-point calibration; DET, detected (value between LOD and LOQ); -, not detected; ETA, endotracheal aspi-
rate; & Standard deviation is calculated from the measurement precision of the corresponding matrix-matched calibrators.

Concentration (ng/mL)

Sample

Specimen PvdE PvdD PvdC Pch HHQ
Patient 1 condensate 85.3+3.4 DET 12.0+£0.8 135.1+4.2 129+1.2
Patient 2 urine 23.7+0.1 - 82.7+0.3 90.8 +1.1 1.4+05
Patient 3 ETA - - - 19.5+09¢ 14+01¢
Patient 4 ETA - - - 242+1.1¢ 02+0.01&
Patient 5 ETA - - - 2524 +28¢% 1.0+0.04 &
Rat1 urine 14,334 £352  102.6+3.7 390.7 £13.1 1233.9 +26.3 -
serum 53.0+3.0 3.4+02 - - -
Rat? urine 12,366 + 843 743 +4.1 261.4+11.9 1349.1 +15.7 -
serum 281.8+6.2 14.7 £ 0.7 9.8+0.3 DET -
Blank inoculum ** DET - - 74+2% -
Content (ug/g)
Rat 2 lung tissue 39+03 - - - -

In addition to the mono-infection P. aeruginosa model, the mixed A. fumigatus—P. ae-
ruginosa model with immunocompromised rats was used. The previously reported proto-
col of invasive aspergillosis in rats [22] was amended with the intramuscular application
of P. aeruginosa (Rats 3-7, Table 2). Briefly, five rats were intratracheally infected with A.
fumigatus ATCC 46645 (108 CFU in 100 uL). Forty-eight hours later, P. aeruginosa ATCC
15692 (10° CFU in 100 pL) was injected into their thigh muscles of the left hind legs. Three
other noninfected animals were used as a control group. The experiment was terminated
5 h post-infection with P. aeruginosa. The urine from experimental animals of mixed infec-
tion was collected twice a day starting 1 day before the A. fumigatus inoculation until the
end of the experiment.

Table 2. Distribution of bacterial (PvdE, Pch) and fungal (Fc, TafC) siderophores reflecting the respective P. aeruginosa and
A. fumigatus coinfection. DET, detected (value between LOD and LOQ); -, not detected.

Sample

Concentration (ng/mL)

Specimen PvdE Pch Fc TafC
. condensate 85.3+3.4 135.1+4.2 - -
Patient 1 .
urine - - - 23+1
Rat 3 urine 234 497 + 13 961 69 460 + 23 125 5761 +191 1854 + 49
Rat4 urine 88 513 +2 553 20711 + 3474 - -
Rat 5 urine - - 21138 +2935 1818 +124
Rat 6 urine 179916 +16 104 66 965 + 14 432 DET 564 +133
Rat7 urine 108 313 + 8 036 20 246 +2 609 DET 378 +14
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3. Results
3.1. A. fumigatus and P. aeruginosa in Co-Infection

Patient 1 (man, age 65), with cirrhosis and multiorgan dysfunction (serum creatinine
950 umol/L), was transferred from a medical inpatient unit to an ICU owing to sepsis (C-
reactive protein 211 mg/L, procalcitonin 99.8 ng/mL). He required mechanical lung venti-
lation, vasopressors, and continual venovenous hemodialysis. He was treated with cefo-
taxime because of repeated aerobic hemocultures positive for E. coli. Hemolytic E. coli was
also present in the urine, but susceptible to antibacterial therapy (Eucast v10, https://eu-
cast.org, accessed on 15 December 2020). Due to diarrhea episodes, the patient was given
metronidazole empirically. When acute respiratory failure (ARF) developed, the patient
was intubated, connected to a ventilatory support system, and continuously dialyzed.
Chest radiography showed increasing bilateral, inhomogeneous blurring, believed to be
caused by inflammatory infiltrations (Figure 1A,B).

Figure 1. ARF patients’ chest radiography and CT scans. (A,B) Radiographs showing increasing bilateral, inhomogeneous
blurring, likely caused by inflammatory infiltrations (Patient 1). (C,D) Atelectasis in both lower lung lobes and irregular
multiple ground glass opacities revealed by the CT scan of Patient 2. Right-sided pneumothorax and small amount of fluid
in bilateral pleural cavities are also discernable.

On Day 6 of hospitalization, after intubation, carbapenem-resistant (CaR) but cepha-
losporine-, amikacin-, and colistin-susceptible P. aeruginosa was detected for the first time
in sputum, along with new accompanying flora of yeasts and hyphae with the typical 45°
branching angle of A. fumigatus, which was subsequently defined by culture microscopy
and a serum GM test. Enterococcus faecium was noted on Day 10 in aerobic hemoculture.
Both P. aeruginosa and E. faecium were also detected on the next day in sputum. Day 11
was the first breath condensate mass spectrometry sampling day and it was negative for
P. aeruginosa and A. fumigatus. Serum examination (Day 11) revealed high BDG levels (488
pg/mL). On the same day, GM and A. fumigatus-specific IgA were detected in the serum
(with GM and IgA index positivities of 1.076 and 1.7, respectively), and the presence of A.
fumigatus was confirmed by culturing from sputum four days later. After 72 h of continu-
ous hemodialysis, the patient was still oliguric, so a further two sessions were provided.
Due to the patient’s oliguria, only a single urine sample of unclear quality was obtained
on the same Day 12 (Figure 2B). In contrast, three breath condensate samplings were ob-
tained on Days 11, 12, and 17. PvdE, Pch, and HHQ (Figure 2A) were detected by MS (at
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85.3+3.4,135.1£4.2, and 12.9+ 1.2 ng/mL, respectively) in the breath condensate obtained
on Day 12 (Figure 2C). No Pvds, Pch, or HHQ were detected in the patient’s urine sampled
on Day 12 (Table 1). However, evidence of invasive A. fumigatus coinfection (Table 2) was
detected in the urine by the presence of its siderophore, TafC (23 + 1 ng/mL).

Voriconazole treatment (Day 14) was accompanied by decreased serum BDG levels
(to 441 pg/mL) and there was a marked decrease in GM (to 0.444), indicating cessation of
A. fumigatus growth or reduction of infection burden. On the 15th day, the GM level had
further decreased, and the A. fumigatus-specific IgA index had increased to 2.4. Aerobic
cultivation of bacteria in sputum obtained on Day 17 revealed resistant Serratia marcescens
and Elizabethkingia miricola. Finally, there was a gradual deterioration of the circulatory
parameters with an increase in the consumption of vasopressors, asystole, and circulatory
failure, resulting in death on the 19th day after the start of hospitalization. Clinical obser-
vations made during the hospitalization are depicted in the Supplementary Materials Fig-
ure S7.

(? B LA EL I B e i B B B B B B e e e
)vif‘\oﬂ 3 1 5 6 7 8 9 10 11 Time [min]

5 Compound Formula (M) Ret.time m/zcalc. Ionic form
e 1 FoxE C27HasNeOs 72 654.2670 [M+Fe-2H]*
2 Pch CuaHisN20s3S2 12.0 325.0675 [M+H]*
3 PvdC CseHssN17023 6.1 708.2555 [M+Fe-HJ]
4 PvdD CsHssN17O22 6.0 694.2579  [M+Fe-H]*
5 PvdE CssHsaN1sO1 5.9 693.7659  [M+Fe-HJ>*
6 TafC C3sHeoNeO15 8.8 906.3305 [M+Fe-2H]*
7 FLC CisF2HisNsO 8.6 307.1113 [M+H]*
m 8  N-glucuronide-FLC  CisF2H0N6O7 6.9 483.1434 [M+H]*
g 9 HHQ Ci1sH21NO 11.7 244.1696 [M+H]*

Figure 2. Noninvasive detection of Aspergillus and Pseudomonas biomarkers returned by CycloBranch. (A) Chemical struc-
tures of the siderophores (1-6) and HHQ (9). Compound numbering is described in the associated table. (B) Patient 1’'s
urine profile compiled from reconstructed ion chromatograms recorded in the low- and high-mass experiments (see Ma-
terials and Methods for details). TafC was detected as a singly charged species (m/z 906.3304, see the right inset for Peak
6, indicating the presence of Fe and *Fe stable isotopes). The left inset (Peak 1) indicates the isotopic profile of FoxE. (C)
Patient 1’s breath condensate profile sampled on the same Day 12 of illness with a mixture of doubly charged pyoverdines.
Peak 5 in the left inset is represented by an isotopic pattern, indicating two charges (**Fe/*Fe isotopes are separated by
approximately one Dalton). The right inset belongs to pyochelin singly protonated molecule. M in the table stands for
neutral molecule; Ret. time, retention time. Fluconazole and its glucuronide structures are reported in Supplementary

Materials Figure S8.
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3.2. New Urine Biomarkers of Pseudomonas aeruginosa

Patient 2 (man, age 42), first admitted to ICU following a suicide attempt, suffered
from polytrauma (spine, pelvis, chest, and femur) and hemorrhagic shock. After resusci-
tation, he was treated with massive transfusion, a high dose of vasopressors (norepineph-
rine), mechanical lung ventilation, and drainage for pneumothorax. Despite intensive em-
pirical antibiotic treatment (tigecycline, levofloxacin), severe pneumonia developed into
AREF before a re-admission to the ICU and institution of extracorporeal membrane oxy-
genation (Days 32-38). A CT scan of the patient’s chest showed increasing bilateral, inhomo-
geneous blurring, likely caused by inflammatory infiltrations, atelectasis in the lower lung
lobes, and irregular multiple ground-glass opacities in other parts of the lung (Figure 1C,D).

The ICU staff dealt with new attacks of sepsis [23], represented with increased fluid
requirements, need for vasopressor support, positive end-expiratory pressure on artificial
ventilation, and the rise of proinflammatory cytokines. In addition to several cultures of
Stenotrophomonas maltophilia and Enterococcus faecalis, CaR P. aeruginosa was first cultivated
from sputum on Day 44, despite applications of antibiotics (levofloxacin, tigecycline, sul-
famethoxazole, and meropenem). Fluconazole (FLC) had been used in prophylaxis, and
micafungin in pre-emptive antimycotic therapy due to increasing serum BDG levels (to
285 pg/mL), the possibility of ICU-acquired opportunistic fungal lung invasion, and the
risk of Candida infection. Pseudomonas aeruginosa was repeatedly cultivated from sputum
on Day 51, and the patient was treated with colistin.

On Day 57, a mixture of Pvds, dominated by PvdC at 82.7 + 0.3 ng/mL, was secreted
into the host urine in their ferriforms (Supplementary Materials Figure S8). Pch and HHQ
were identified by CycloBranch [9] as protonated molecules at 90.8 + 1.1 and 1.4 + 0.5
ng/mL, respectively (Table 1). Cultures on Day 60 indicated both vancomycin-resistant E.
faecium and CaR P. aeruginosa in urine and E. faecalis alone in sputum. Colistin therapy
was continued, the severe bacterial infection was treated successfully, and the patient was
released from the ICU.

3.3. Animal Infection Models

The experiments in a rat P. aeruginosa lung mono-infection model showed high Pvds
and Pch levels (>10 ug/mL for PvdE and >1 ug/mL for Pch) in the urine five hours post-
inoculation. In contrast, the levels of monitored serum Pvds did not exceed 0.3 pg/mL.
The Pch values were very low. The initial Pvd contribution from the inoculate was negli-
gible, in contrast to that of Pch (Table 1).

In the A. fumigatus/P. aeruginosa coinfection model, both pathogens were clearly
marked by their respective siderophores (Table 2) in three animals (Rats 3, 6, and 7). In
the remaining two infected animals, either P. aeruginosa (Rat 4) or A. fumigatus (Rat 5)
mono-infection biomarkers were detected. Rat 5 was sacrificed early (2 h) after P. aeru-
ginosa infection due to poor health, which could explain the absence of siderophores pro-
duced by P. aeruginosa in the urine sample.

3.4. Pseudomonas aeruginosa in COVID-19-Associated Pneumonia

The SARS-Cov-2 pandemic has greatly increased the frequency of opportunistic fun-
gal, bacterial, and mixed fungal-bacterial infections, particularly in ICU units. Rapid di-
agnosis is critical. In a subset of COVID-19 patients with pneumonia, the diagnostic tools
described in this report were applied. We report three individuals (Patients 3-5) in which
mixed bacterial-fungal infections were documented or suspected. HHQ and Pch were de-
tected in their endotracheal aspirates. All analyses were carried out in two technical rep-
licates (Table 1). No bacterial pyoverdines were detected.

Patient 3 (man, age 66) was first admitted to ICU due to respiratory insufficiency with
COVID-19 pneumonia and further progression despite the aggressive artificial ventilation
regime. He required extracorporeal membrane oxygenation (ECMO) therapy on Day 3.
Simultaneously, piperacillin—tazobactam therapies with acyclovir were initiated. On Day
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10, P. aeruginosa in airway aspirate was rarely detected; therefore, amikacin was added.
Due to a suspected ventricle thrombus, anticoagulation treatment with heparin and ace-
tylsalicylic acid was initiated in addition to piperacillin-tazobactam therapy. Shortly after
ECMO start, the patient’s clinical status improved and stabilized. Unfortunately, on Day
12 the patient developed uncontrolled bleeding combined with disseminated intravascu-
lar coagulopathy. The ECMO was terminated, and intravascular catheters were extracted.
Shortly after, the coagulation parameters improved, and the bleeding stopped. The next
day, massive amounts of P. aeruginosa (107 cells per 1 mL of ETA) were detected (Table 1),
and inhaled colistin initiated. Due to constant critical respiratory insufficiency, aggressive
artificial ventilation was continued, with slow improvement. On Day 35, the patient was
oriented. The patient further clinically improved and survived.

Patient 4 (man, age 77) was admitted to the hospital after one week of fevers and two
days of respiratory symptoms. Due to rapid clinical deterioration, artificial ventilation and
cefazoline prophylaxis was initiated. Owing to bloodstream Staphylococcus aureus infec-
tion on the next day, linezolid treatment was added. After clinical improvement, the anti-
biotic therapy was upgraded to linezolid with ciprofloxacin. On Day 13, massive hemop-
tysis was observed, and aspiration pneumonia developed. Three days later, catheter sep-
sis with Klebsiella pneumonia, Burkholderia multivorans, and multiresistant P. aeruginosa in
ETA and in urine (10°/mL) were noted (Table 1). Upon therapy switch to voriconazole and
trimethoprim/sulfamethoxazole, the patient improved and survived.

Patient 5 (woman, age 62) was admitted to the hospital after 10 days of fever and
progressive shortness of breath due to COVID-19 pneumonia. Shortly after respiratory
insufficiency progressed, mechanical ventilation and empirical therapy with ampicillin-
sulbactam, acyclovir, and remdesivir started. On Day 3, the antimicrobial therapy was
modified according to the susceptibility testing results; thus, following ETA cultures of K.
pneumonia, P. aeruginosa (Table 1), Candida albicans, Pneumocystis jirovecii, and Herpes sim-
plex virus, FLC and trimethoprim-sulfamethoxazole were added. Shortly after, antibiotic
therapy was switched to piperacillin-tazobactam instead of ampicillin-sulbactam. Later,
the antibiotics were changed to meropenem, intravenous ciprofloxacin, and inhaled col-
istin. C. glabrata was cultured from ETA, and anidulafungin substituted for FLC. Despite
the aggressive therapy, the clinical status worsened. On Day 10 of hospitalization, antibi-
otic therapy was changed to acyclovir, meropenem, voriconazole, trimethoprim-sulfa-
methoxazole, and rifampicin. The patient died on Day 15 after ICU admission.

4. Discussion

The key timeframe for diagnosing both the infection and the pathogen, and thus
planning the antimicrobial intervention, is the window of opportunity when pathogen
proliferation accelerates, for which specific, sensitive biomarkers are urgently required
(Figure 3). When there are mixed infections, particularly mixed bacterial-fungal infec-
tions, as is common, being able to sort through the ensuing diagnostic complexities in a
timely fashion in the face of a synergistic danger to patients, is a formidable problem.

Mass spectrometry approaches can be applied in hospital labs with Biotyper-like fa-
cilities. For example, aromatic Pvds, Pch, and HHQ can be readily analyzed by MALDI-
MS. This is especially true when analyzing samples with relatively low chemical complex-
ity, such as breath condensates. PvdE, Pch, and HHQ were directly detectable in our pa-
tient samples by MALDI-FTICR-MS (Figure 3). Furthermore, degradation rates of all the
detected siderophores were slow during storage (37 °C) in model human serum and Pa-
tient 2’s urine, and degradation was compensated by PvdD gain over three days at body
temperature storage (Supplementary Materials Figure S5). The conversion of succinamide
to succinic acid in Pvds (the conversion of PvdE to PvdD) was faster in urine than in serum
(Supplementary Materials Figure S5A,B). PvdC was stable in both urine and serum, but
not Pch, whose metabolic and secretion fates remain unknown. HHQ was very stable in
urine, but not in serum, in which 60% of the original ion signal was lost during a week of
storage (Supplementary Materials Figure S5).



J. Fungi 2021, 7, 730 10 of 13
. [M+H]* o
— [M+H] S S 244.16910
0.402 PNy _. 0188 ]
F 0322 B0 AN <N/—J‘\ £ 0.150 i \[ \‘1 HHQ
Z 0241 | e Z 0113 k,,; N NN
2 1a " OH HO ] c FONT T S
§ 0161 . 606900 & 0075 H 24517243
£ 0.080 Pyochelin : < 0.038 |
0 T T T T 1 0-1 HN\\T"NHZ
324.90 32516 32542 32569 32595 326.21 244.00 24431 24462 24493 24524 24555 NH
miz m/z -
oHy o |
1.052 I/ H
N——
o;vg N O
0.842 HN A
- [M+HT* I NH O
ig 0.631 1333.62390 P O\‘N/HL Ny O’J/\W/\\'
B HN N O HO_~ N_Ng
£ 04214 1334.62495 HO' =0 1 NH
\1 NH OH HO ¥~ /\V/\Trf 2
0210 1335.63127 / H'\g' ([\v/“vN\\«fo H o
N
0 T T T ! HO/\FI Pyoverdine E
1329.40 1332.66 1335.92 1339.18 1342 45

miz
Figure 3. MALDI-FTICR-MS annotation of Patient 1’s breath condensate (sampled Day 12). Pch
(A), PvdE (B), and HHQ (C) were all detected by MALDI MS as protonated forms. The structures
of these molecules are shown. The annotation in red was returned by CycloBranch software [9]
when running the MALDI mass spectrum against the library of P. aeruginosa secondary metabo-
lites. The red color was added to an examined spectrum by the software automatically. The color
indicates which isotope features have been used by the computing algorithm for the annotation
process.

Experiments with the animal P. aeruginosa mono-infection model suggest that detect-
ing siderophores are more practical and sensitive as urine biomarkers than serum bi-
omarkers. Their urine levels in infected rats were two orders of magnitude higher than
those in sera (Table 1, mono-infection model). Although the serum total Pvd LOD and
LOQ were 0.4 ng/mL and 1.2 ng/mL, respectively (lower than corresponding limits in
urine), breath condensate and urine are better analytical bodily fluids due to concentration
effects, their less complex chemical nature, and because they are more easily obtained. The
tissue content of Pvd in infected lungs of the model rats was in the ng/mg range. Of note,
the higher Pvd and Pch concentration levels detected in the mixed infection model could
arise from the high (10° CFU) inoculation load we used (Table 2).

The invasive endotracheal sampling was used in three COVID-19 patients with Pseu-
domonas pneumonia. HHQ and Pch, but not pyoverdines, were detected in their ETAs.
We may speculate whether the absence of Pvd in the aspirates was caused by the respec-
tive antibacterial therapies, by an excessive iron load available in the COVID-19-deterio-
rated lungs, by an early onset of the bacterial infection, by lower stress within the lung
microbiome, or by combination thereof. On the other hand, the production of Pch and
HHQ was observed in all patients (1-5). These preliminary data must be confirmed in
future clinical trials for which ETA samples handling is fully optimized.

5. Conclusions

Our detection of incipient proliferation of P. aeruginosa and A. fumigatus by monitor-
ing specific biomarkers in patients’ urine and breath condensates demonstrates that mass
spectrometry permits timely interventions. State-of-the-art data were collected using Fou-
rier transform ion cyclotron resonance mass spectrometry, the research analytical tech-
nique capable of unequivocally detecting and characterizing the pathogen-related metal-
containing compounds in host body fluids. Direct monitoring of microbial virulence fac-
tors such as HHQ, Pvd, Pch, and TafC may enable better and timelier antibacterial and
antimycotic interventions than would otherwise be possible.

Our detection of HHQ, a quorum-sensing molecule in the breath condensate, ETA,
or urine of critically ill patients, is the first observation demonstrating incipient P. aeru-
ginosa invasion in vivo. Our approach also enables quantification of the microbial sidero-
phores Pvds, Pch, and TafC at the ng/mL concentrations. Moreover, assessing these
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siderophores’ stability and partitioning between serum, urine, and breath condensate may
enable the future definition of biomarker breakpoints for critical human specimens.

The observations in these five patients, and our demonstrations in a rat model of the
sensitivities of our techniques, show the potential of practical applications of our technol-
ogies amidst the complexities of single and mixed opportunistic infections in the clinical
setting. This will now require extensive clinical trials, and we would expect enhanced
speed and superior definition of the pathogens when our technologies are compared to
current conventional diagnostics (e.g., specimen cultures, GM assays, PCR, BDG, etc.).

There is still a lot of work ahead in diagnosing bacterial and fungal coinfections. In
the present studies, some of the samples were provided later than we would have liked,
for the purpose of optimal detection, and, as a result, could have given a weaker signal.
The molecular distribution kinetics and biomarker fate during circulation in the patients’
bodies have presently been understudied. For this purpose, mixed infection animal mod-
els must be further developed. The biomarker breakpoint definitions, and the timing of
their appearance, must be defined in clinical trials, which will require the prospective col-
lection of specimens and their testing. The specificity of metallophore or quorum-sensing
molecule secretion by pathogens should be assessed. We hope that applying diagnostic
tools to the secondary metabolism of pathogens may open a new analytical field in micro-
bial diagnostics.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/jof7090730/s1. Figure S1: P. aeruginosa biomarkers in the lower airways. Figure S2: Pyo-
verdine quantitation plots in urine, serum and lung tissue homogenate. Figure S3: Quantitation of
Pch, HHQ, and TafC in human/rat samples. Figure S4: Quantitation of Fc, TafC, Pvd, and Pch in the
mixed infection model. Figure S5: Degradation of PvdE and HHQ during storage for a week at 37
°C. Figure S6: Fragmentation spectra of standard HHQ and PQS. Figure S7: Clinical observations
made during the hospitalization of Patient 1. Figure S8, Monitoring P. aeruginosa in human urine
along with fluconazole and its glucuronide.
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